Superfusion of isolated canine cardiac Purkinje fibers with ethanol (100-300 mg/ 100 ml) resulted in a concentration-dependent shortening of action potential duration. The effect occurred within 5 minutes of exposure to ethanol and was reversed completely after removal of the drug from the medium. Action potential amplitude, transmembrane resting potential, dV/dt of phase 0, and conduction time were not altered by these concentrations of ethanol. Superfusion with methanol, ethanol, l-butanol, n-butanol, and pentanol in a concentration of 200 mg/100 ml revealed that the magnitude of the alcohol-associated shortening of action potential duration was related directly to the water-octanol partition coefficient (lipophilic property) of the alcohol. Acetaldehyde (0.08-0.80 DIM) prolonged the action potential duration of Purkinje fibers, but this effect was blocked by addition of the a-adrenergic blocking drug, phentolamine (10~6 M). Acetate (1-5 mM) did not alter action potential configuration or conduction time of cardiac Purkinje fibers. Ethanol (100-300 mg/100 ml), acetaldehyde (0.08-0.80 mM), and acetate (1-5 mM) did not significantly change the rate of spontaneous depolarization of isolated guinea pig atria. These studies show that ethanol, in concentrations present in plasma during ethanol consumption, exerts direct reversible effects on cardiac Purkinje fibers. These effects probably result from a physical alteration of the sarcolemma secondary to interaction of ethanol with hydrophobic regions of the lipid bilayer. However, the metabolic byproducts of ethanol do not exert direct electrophysiological effects on canine Purkinje fibers or guinea pig atria.
THE ACUTE administration of ethanol to experimental animals and humans produces changes in cardiac metabolism (Regan et al., 1966) and a depression of myocardial contractility (Horwitz and Atkins, 1974; Nakano and Kessinger, 1972; Child et al, 1979) . These alterations result both from the direct actions of ethanol and from exposure of the heart to the products of hepatic ethanol oxidation (Lindeneg et al., 1964) . It has been proposed that ethanol ingestion also can result in disturbances of cardiac rhythm and conduction (Marriott and Myerburg, 1974; Ettinger et al., 1976) . Clinical studies have demonstrated a temporal relationship between ethanol ingestion and atrial and ventricular arrhythmias (Ettinger et al., 1976; Ettinger et al., 1978) , and Gimeno et al. (1962) have reported that exposure of isolated rat atria to large concentrations of ethanol results in changes in action potential configuration. They postulated that this change predisposes the atria to the development of atrial arrhythmias. Despite these observations, the basic mechanisms by which ethanol ingestion affects the electrophysiological properties of the heart and the relative importance of ethanol and its metabolic From the Krannert Institute of Cardiology, and the Department of Medicine, Indiana University School of Medicine, Indianapolis, Indiana.
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In the present study, we have used microelectrode techniques to examine the effects of ethanol, acetaldehyde, and acetate in concentrations similar to those present in plasma during the consumption of moderate amounts of alcoholic beverages (Majchrowicz, 1973) on the electrophysiological parameters of selected myocardial tissues. Selected experiments were performed in the presence of autonomic blocking agents and with a series of longer-chain alcohols to provide information about the mechanism by which ethanol alters the cardiac action potential.
Methods
Adult mongrel dogs of either sex, weighing 12-15 kg, were anesthetized with sodium pentobarbital (30 mg/kg, intravenously). The heart from each animal was removed rapidly through a right thoracotomy and immersed in cool oxygenated Tyrode's solution. Purkinje fibers were excised and fixed to the floor of a wax-bottomed Lucite muscle chamber (7-ml volume) and constantly superfused with Tyrode's solution at a flow rate of 7 ml/min. This solution was gassed with 95% 0 2 :5% CO 2 and maintained at 37 ± 0.5°C. The composition of the Tyrode's solution (in mM) was: Na + , 138; K + , 4.0; Cl~, 128: Ca 2+ , 1.25; HCCV, 20.0; H 2 PO 4 ", 0.9; Mg 2 *, 0.5; and glucose, 5.5. The osmolarity of the solution was 285 mOsm/liter, and the pH was 7.40 ± 0.05.
The preparations were stimulated at a constant VOL. 47, No. 3, SEPTEMBER 1980 basic cycle length of 800 msec, using a bipolar extracellular (Teflon-coated) stainless steel electrode (bared at the tip). The stimuli were 1 msec in duration, and their strength was 1.5-2.0 times threshold. Conventional microelectrode techniques were used. Transmembrane resting potential, action potential amplitude, action potential duration at 90% repolarization, and dV/dt of phase 0 were monitored. Conduction time was measured from the onset of the transmembrane action potential to the upstroke of a bipolar electrogram recorded from the distal portion of the false tendon. Data were displayed on a Tektronix 5100 series oscilloscope and stored permanently on Polaroid film. Following a 20-min control period, cumulative concentration-response studies were performed with ethanol, in concentrations of 100, 200, and 300 mg/100 ml. The Purkinje fiber preparations were exposed to each concentration of ethanol for 5 minutes, since time-response studies indicated that the effects of ethanol had stabilized in less than 5 minutes. Action potential parameters and conduction time were measured at the end of 5 minutes and compared to control observations. In each experiment, following the completed concentrationresponse study, the preparation was monitored for a 20-minute washout period to confirm the reversibility of the electrophysiological effects.
Cumulative concentration-response studies also were performed with methanol, w-butanol, t-butanol, and pentanol, using the experimental protocol described above.
In another series of experiments, the effects of acetaldehyde and acetate on Purkinje fibers were determined. Acetaldehyde was freshly distilled and diluted in cold Tyrode's solution, and then was administered continuously to the bath as a sidearm infusion (Harvard syringe pump) to minimize loss of drug to volatilization. Representative samples of the perfusate were collected from the muscle chamber for determination of acetaldehyde levels by gas-liquid chromatography. In the experiments with Purkinje fibers, the control perfusion was continued for 20 minutes, and then acetaldehyde (0.08 HIM) was administered for 5 minutes, and the electrophysiological effects were assessed. The concentration of acetaldehyde then was increased to 0.15, 0.42, and 0.80 mM at 5-minute intervals. Similar cumulative concentration-response studies also were performed with sodium acetate (1, 2, and 5 mM).
To determine the effects of ethanol and its metabolic by-products on the rate of discharge of the sinus node, superfusion experiments with right atria isolated from adult guinea pigs of either sex were performed. The hearts were removed rapidly from the animals and placed in cool, oxygenated Tyrode's solution. The right atrium, including the area of the sinus node, was excised and pinned to the floor of the muscle chamber where it was superfused with Tyrode's solution and the chemicals described above. An action potential-triggered tachometer (MECA CLC-1) was used to record the rate of spontaneous electrical discharge of the atria. The linear tachometer ramp representing cycle length was triggered by the upstroke of each action potential. The tachometer was calibrated by stimulating atrial preparations at known constant basic cycle lengths and measuring the height of the ramp. Data were recorded for 15 minutes (control) prior to the introduction of ethanol (100-300 mg/100 ml), acetaldehyde (0.08-0.80 mM), or acetate (1, 2, 5 mM).
Acetaldehyde, butanol, ethanol, methanol, and pentanol were purchased from the Mallinckrodt Chemical Company, sodium acetate from Fisher Scientific, and phentolamine and DL-propranolol from Sigma Chemical Company. Gas-liquid chromatography was performed by the Department of Toxicology, Indiana University School of Medicine.
The electrophysiological data were analyzed by the paired Student's t-test when appropriate. Analyses of variance were performed to detect significant differences among multiple (>2) test points. When significant differences were detected, Duncan's multiple-range test then was applied to compare individual treatment means. All results are expressed as mean ± SD. The difference between the means was considered significant when P < 0.05.
Results
Superfusion of isolated canine cardiac Purkinje fibers with ethanol (100 mg/100 ml) resulted in a shortening of action potential duration, measured at 90% repolarization ( Fig. 1) . Although the magnitude of the change was small, it was present consistently (P < 0.01), and it increased as the -k '-» 3J0 m>« " " v^'
•« 335 rate "N. concentration of ethanol was increased in the superfusion medium (Table 1) . With a concentration of ethanol of 300 mg/100 ml, a level which occurs in patients consuming large amounts of the drug, the action potential duration was decreased by 8%. The shortening of action potential duration reached a plateau after 5 minutes of exposure to ethanol and was reversed completely during a 10-minute washout period. This change in action potential configuration is similar to that which occurs after /?adrenergic stimulation (Giotti et al., 1973) . To determine whether the action potential duration shortening in the current experiments resulted from a direct action of ethanol or was secondary to the release of endogenous catecholamines, we repeated the experiments in the presence of propranolol (10~6 M). Ethanol caused a similar reduction of action potential duration in the presence of this /?-adrenergic receptor antagonist [306 ± 20 msec for control vs. 283 ± 8 msec with ethanol (300 mg/100 ml), P < 0.05]. Acute exposure to ethanol did not significantly alter action potential amplitude, resting potential, dV/dt, or conduction time (Table 1) .
To determine the relationship between the lipophilic properties of ethanol and the changes in action potential configuration, we compared the electrophysiological effects of alcohols with different carbon chain lengths (Fig. 2) . When administered alone at a concentration of 200 mg/100 ml, methanol, ethanol, butanol, and pentanol reduced the action potential duration of Purkinje fibers by 2, 5, 29, and 50%, respectively (Table 2) . At concentrations greater than 200 mg/100 ml, butanol also significantly reduced the transmembrane resting potential, dV/dt of phase 0, and increased conduction time (Table 3) . When the concentration of pentanol was increased to 300 mg/100 ml, there was a loss of membrane excitability which persisted when the extracellular stimulus duration was increased from 1 to 10 msec, and the current was increased from 2 to 30 mA. Excitability returned after removal of the drug from the superfusion medium. The relationship between lipid solubility of alcohols, as represented by the water-octanol partition coefficients (Leo et al., 1971) , and the magnitude of the shortening of action potential duration during exposure to alcohol is depicted in , the action potential duration was reduced from 338 ± 43 (control) to 298 ± 23 msec. These data show that the alcohol-associated change in action potential configuration was related to lipid solubility of the alcohol. Ethanol (100-300 mg/100 ml) did not change significantly the rate of spontaneous discharge of isolated guinea pig right atria. In five experiments, the rate was 186 ± 23 beats/min in the control period and was 185 ± 25 beats/min after exposure to ethanol (300 mg/100 ml) for 20 minutes.
The addition of acetaldehyde (0.80 HIM) to the superfusion medium produced a prolongation of Purkinje fiber action potential duration in each of nine experiments (Table 4 ). This effect was reversed completely within 10 minutes after the drug was withdrawn from the muscle chamber. Because aadrenergic stimulation produces a similar prolongation of action potential duration (Giotti, 1973) and because it has been proposed that acetaldehyde causes a release of endogenous norepinephrine (James and Bear, 1967) , we repeated the experiments with 0.80 mM acetaldehyde in the presence of an a-adrenergic blocking agent. With phentolamine (10~6 M) in the superfusate, the values for action potential duration were similar in the presence and absence of acetaldehyde (Table 4 ). Acetaldehyde alone did not significantly alter Purkinje fiber resting potential, action potential amplitude, dV/dt of phase 0, or conduction time. Acetaldehyde (0.08-0.80 mM) similarly was without effect on the rate of spontaneous discharge of isolated guinea pig right atria. The rate of control atria was 160 ± 33 beats/min and was 166 ± 37 beats/min after the addition of 0.8 mM acetaldehyde. Exposure of isolated Purkinje fibers to sodium acetate (1 and 2 mM) in five experiments did not affect action potential configuration, transmembrane resting potential, or conduction time. The action potential duration in the control experiments was 306 ± 43 msec and was 302 ± 48 msec in the presence of 2 mM acetate. Similar results were obtained when the concentration of acetate was increased to 5 mM levels. Acetate (1, 2, and 5 mM) did not alter the rate of spontaneous discharge of guinea pig right atria. Before the addition of acetate the rate was 160 ± 33 beats/min, and in the presence of 2 mM acetate the rate was 166 ± 37 beats/min.
Discussion
The experiments described in this report demonstrate that ethanol reversibly alters the action potential configuration of ventricular Purkinje fibers isolated from normal dogs. Importantly, the concentration-dependent shortening of action potential duration occurred with levels of ethanol similar to those present in plasma during the consumption of moderate amounts of ethanol by animals and by humans (Majchrowicz, 1975) . Other electrophysiological parameters, including membrane resting potential, action potential amplitude, and conduction time, were unaffected by these concentrations of ethanol.
The shortening of action potential duration upon acute exposure to ethanol presumably reflects changes in transmembrane ionic conductance. The mechanism by which ethanol exposure alters ionic conductance in cardiac tissue is not known. Since the heart contains little or no alcohol dehydrogen-100 -1.0 0 1.0 2.0 Log P FIGURE 3 Correlation of water-octanol partition coefficients (Log P) with the degree of shortening of Purkinje fiber action potential duration by methanol, ethanol, tbutanol, n-butanol, and pentanol (200 mg/100 ml) . ADPso = action potential duration at 90% repolarization.
ase activity (Lochner et al., 1969) , the electrophysiological changes cannot be the result of metabolic alterations secondary to ethanol oxidation. Similarly, the persistence of the effect in the presence of propranolol indicates that it does not result from the release of endogenous catecholamines. Ethanol in high concentrations has been shown to inhibit the activity of Na + , K + -dependent ATPase of cardiac plasma membranes (Williams et al., 1975) . However, the lack of change of the transmembrane resting potential in our experiments suggests that the inhibition of Na + , K + -ATPase did not contribute substantially to the change in action potential configuration. Thus ethanol appears to interact directly with the cell membrane to alter ionic conductance selectively. Recent evidence, primarily from experiments with nervous system tissue (Curran and Seeman, 1977; Chin and Goldstein, 1976) and with erythrocytes (Chin and Goldstein, 1976) , suggests that the acute effects of ethanol may result in part from physical alterations of cell membranes. Ethanol, in low concentrations, increases the fluidity of biomembranes and produces membrane expansion by interacting with hydrophobic regions of the lipid bilayer (Chin and Goldstein, 1977) . Such changes have been shown to affect the activity of membrane-bound enzymes (Grisham and Barnett, 1972) . The lipid solubility of alcohols increases as the carbon chain length of the alcohol is increased and, in the present study, the magnitude of the action potential shortening progressively increased when equivalent mg/100 ml concentrations of longerchain alcohols replaced ethanol in the perfusion medium. Moreover, £-butanol, which has a smaller water-octanol partition coefficient than «-butanol, was similarly less potent than n-butanol in shortening Purkinje fiber action potential duration. These observations suggest that the shortening of cardiac action potential duration by ethanol was mediated by the ability of ethanol to interact with lipophilic sites of the sarcolemma.
In these experiments, the electrophysiological changes were promptly and totally reversible. Whether more prolonged exposure to ethanol can alter the response or result in persistent changes in action potential configuration remains to be determined. The natural fluidity of biomembranes depends primarily on the membrane lipid composition which is under metabolic control. Chronic ethanol consumption results in alterations of fatty acid utilization in a variety of tissues, including the heart (Williams and Li, 1977) . Moreover, ethanol ingestion may result not only in changes in lipid content but also in changes of lipid composition (Ingram et al., 1978) . Such changes could modulate the subsequent acute effects of ethanol on the sarcolemma. In this regard, Chin and Goldstein (1976) have reported recently that erythrocyte membranes from mice chronically fed ethanol do not exhibit a fluidizing effect when exposed acutely to ethanol. They suggest that the physical properties of the membrane had been altered in response to chronic exposure to the drug, resulting in tolerance to this effect of ethanol.
The major findings of this study are that ethanol directly and reversibly with ventricular Purkinje fibers to shorten action potential duration and the demonstration of the relationship of this effect to the lipophilic property of alcohol. The physiological significance of this ethanol-associated change in action potential configuration remains to be determined in in vivo studies. It is conceivable that the 5-8% change in action potential duration with ethanol (200-300 mg/100 ml) could contribute to arrhythmogenesis in patients consuming moderate to large amounts of the drug. During the consumption of large amounts of ethanol by animals and humans, the plasma level of acetaldehyde does not exceed 80 JUM (Lindros, 1978) . This concentration of acetaldehyde did not alter the electrophysiological parameters monitored in the current study. James and Bear (1967) have shown that higher levels of acetaldehyde lead to the release of norepinephrine in cardiac tissues, and this effect may underlie the prolongation of Purkinje fiber action potential duration depicted in Table 4 . The accompanying experiments with phentolamine suggest that an a-adrenergic effect predominates during exposure to 150-800 fiM acetaldehyde and that acetaldehyde, in micromolar concentrations, does not directly affect the electrophysiological function of isolated ventricular conducting tissue. However, it should be noted that, whereas phentolamine prevented the acetaldehydeassociated increase in action potential duration, the values were not reduced below those of the controls, as might be expected because of persistent /?-adrenergic stimulation. Thus, these studies do not exclude the possibility that phentolamine exerted effects in addition to the well-demonstrated a-adrenergic blockade. Furthermore, when administered to intact animals, acetaldehyde also may lead to the release of epinephrine from the adrenal gland and thus enhance catecholamine-induced changes in action potential duration (Lindros, 1978) .
The increase in heart rate which occurs following ethanol consumption may result in part from the acetaldehyde-induced release of myocardial norepinephrine and the release of epinephrine from the adrenal medulla into the circulation (Lindros, 1978; Perman, 1958; Klingman and Goodall, 1957) . However, in our experiments with isolated guinea pig atria, acetaldehyde did not lead to an increase in the rate of spontaneous atrial discharge. These data are at odds with those of James and Bear (James and Bear, 1967) , who found that infusion of acetaldehyde into the isolated sinus node artery of dogs resulted in a prompt increase in the rate of sinus node discharge. The reason for this disparity is unclear but may result from differences in drug administration, experimental design, or, perhaps, species differences. It is conceivable also that myocardial catecholamine stores were altered during the isolation of the atria used in the current study.
The final product of the hepatic oxidation of ethanol is acetate. Under normal conditions, acetate is activated rapidly and oxidized by the liver, but during ethanol oxidation this process is inhibited and acetate is released into the circulation where it reaches millimolar levels (Lundquist et al., 1962) . Acetate recently has been shown to affect not only cardiac metabolism but also hemodynamics. When administered in moderate amounts to intact animals, acetate increases heart rate, stroke volume, and indices of contractility (Liang and Lowenstein, 1978) . The mechanism for these effects is unknown but appears to be indirect, since the administration of acetate to isolated perfused hearts or into the coronary artery of dogs does not lead to hemodynamic changes (Williamson et al., 1964) . Similarly, our studies demonstrate that acetate does not affect directly the electrophysiological parameters of isolated ventricular or atrial muscle.
